Abstract. The Vistula transports large volumes of river load, with notable prevalence of bed load. Considerable flow irregularity over the course of a year creates favourable conditions for the formation of sand islands (bars) at the mid and lower river reach. As the bars remain emerged for long periods of time, they constitute resting and nesting grounds for water avifauna, particularly species of the Charadriidae and Laridae family. In consequence of regulatory works performed in the 19 th century at the lower Vistula reach, the channel has been devoid of natural islands overgrown with riparian forests and the accompanying minor sand bars. In turn I observe a prevalence of low and, as far as morphology is concerned, poorly diversified alternating accumulation forms. Moreover, operation of the dam erected in the 1970s has increased water level fluctuation frequency in the channel below, thus resulting in more frequent inundation of sandbars. This is particularly adverse for water birdlife, whose habitats become flooded during the breeding season. Morphometric research paired with the analysis of hydrological data allowed us to indicate threshold water flow conditions at which sandbars become submerged. Furthermore, efforts were made to determine the number of potentially successful breading seasons in the years 1986-2015. Identifying the dates and the range of flood waves caused by the dam operation made it possible to indicate the number of complete and interrupted breeding cycles on sandbars. Most importantly, the study seeks to answers the question whether the habitat conditions at the regulated lower Vistula reach are sufficient to allow water birdlife to bread.
Introduction
Every human intervention in river channel processes, particularly when damming is involved, exerts adverse effect on the continuity of fluvial phenomena (Habel et al., 2017) .
Hydrological regime of rivers constitutes an especially significant factor determining the condition of ecosystems (Allan, 1995; Lenhart et al., 2013) . Islands and sand bars on rivers serve as natural resting places and safe nesting grounds for waterfowl (Smith & Renken, 1991; Sidle & Kirsch, 1993) . River bars can be regarded as a transition zone between water and land, since they become submerged only during high water levels (Tracy- Smith et al., 2012) . Junk et al. (1989) refers to this area as the aquatic/terrestrial transition zone (ATTZ).
Formation of a large number of shallows in the river channel is considered a natural occurrence within reaches overloaded with river debris. The Vistula river transports 700,000 m 3 of sand material per annum (Babiński, 1992a) . Such amount ensures good conditions for the formation of sandbars. As a result, various types of bars, i.e. channel mesoforms, tend to form over the entire course of the Vistula river (along with microforms, such as ripplemarks and dunes). At the mid-section of the Vistula and within its unregulated reach the said forms include mostly mid-channel bars, near-island bars and braid bars. The regulated reach sees the prevalence of alternate-diagonal bars (Fig. 1) . These bar types differ in terms of their morphological character, as well as surface and edges stability, which translates into diverse habitat conditions for water fauna and flora. The Vistula sand bars are commonly believed to serve as potential breeding places for water avifauna, which has been confirmed in a number of research works, including Bukaciński et al. (2011 Bukaciński et al. ( , 2013 , Kot et al. (2009) , Keller et al. (1998) , Chyralecki et al. (1995) and Wesołowski et al. (1984) . As far as the lower Vistula reach is concerned, and more specifically the regulated section below the dam, there are no documented bird breeding successes. Thus, a question arises whether such studies have not been conducted or perhaps habitat conditions at this river section, and within the active river channel in particular, are insufficient for birds. Williams and Wolman (1984) , Walker (1985) and Andrews (1986) argue that dam operation tends to cause geomorphological changes arising from a deficit in river load transport, as well as changes in river regime. Research results demonstrate that the construction of the single dam in 1968, which was meant to be one of 9 structures in the planned and abandoned cascade project, has interfered with natural water flow and river load transport (Babiński, 1992a; Habel, 2013) . Frequent water level fluctuation is particularly notable within the reach stretching from the Włocławek dam to the river mouth at the Bay of Gdańsk, which is mostly a result of maintenance works conducted at the dam, intervention water discharges for the purpose of in-land navigation and, to a lesser degree, the dam operation itself (Habel, 2013) . Before the first half of the 19 th century, i.e. up until regulation works were performed, the lower Vistula channel had had a braidedanastomosing character (Babiński, 1992a) . Certain river section, at least to some extent, have to this day retained their unregulated character, i.e. reaches between the town of Annapol and the Kamienna river mouth, between the mouth of the Wieprza river and the Pilica mouth, and between the Pilica mouth and the Wilanówka mouth (Fig. 1) . In consequence of regulation works, the lower Vistula river channel is at present devoid of islands with riparian forest and the accompanying disarray of minor sandbars, in turn featuring low and monotonous alternate bars ( Fig. 1) . Moreover, the fully regulated reach is subject to strong pression of the Włocławek dam operation, which translates into a growing zone lacking in bed load transport.
This paper aims to determine the impact of hydrological and geomorphological limitations occurring at the regulated Vistula reach on habitat conditions considered essential to the breeding of water avifauna. Specific objectives include determining threshold water flow value, at which sandbars, i.e. areas on the verge of water and land or ATTZ according to Junk et al. (1989) , become submerged. Furthermore, it is of importance to indicate the frequency and exact dates of sandbar inundation (flood pulse) caused by the Włocławek dam operation. This calls for establishing, using geodetic methods, absolute and relative heights of sandbars, as well as detailed analysis of hydrological data based on statistical and graphical data pertaining to the past thirty years. 
Study area
The work presents detailed results of studies performed on the Vistula river reach regulated in the 19 th century, which spans from the vicinity of Solec Kujawski (Rkm 763.0; kilometers calculated from the mouth of the Przemsza River in Upper Silesia -start of the navigable Vistula) to the town of Bydgoszcz-Fordon (Rkm 774.9) (Fig. 2) . The Vistula reach in question is linear, with a constant width set out by hydrotechnical structures, and features a sinusoidal course (Fig. 1) . The analysis of aerial photographs taken in August 2015 shows that this over works performed in the mid-19 th century were meant to improve in-land water navigation conditions and limit some of the ice-related phenomena. These regulation-oriented efforts failed to eliminated sandbars from the channel and, by extension, reduce the risk of ice jam occurrences (Babiński, 1992a) . However, the works did improve depth for navigation, as the surface height of bars dropped by approx. 0.5 m compared to those found at unregulated river reaches (Babiński, 1992b) . Hydrological regime of the lower Vistula is mostly defined by water flows prevailing in the mid-section of the river as well as the inflow of water from the Narew river. High water levels tend to occur in March and April, less frequently in summer ( Table 1 ). The former are related to early-spring melt-water runoff, the latter -usually short-term -result from summer rainfalls. In both cases flood waves are formed with a relative height of 3-5 m, maximum of up to 7 m. Mean annual water flow in the Vistula in Toruń amounts to approx. 1008 m 3 /s, whereas in Tczew it is approx. 1090 m 3 /s (Bąk & Kubiak-Wójcicka, 2017 The 
Materials and methods
The study involves own measurement data, including the results of observations concerning sandbars dynamics on the lower Vistula, with respect to both its regulated and unregulated reach, commenced by Babiński in the years 1981 -1989 (Babiński, 1992b and continued after the year 2005. Authors' current state of knowledge pertaining to the functioning of the lower Vistula channel environment within the regulated reach allowed us to select a several kilometer-long river fragment for a detailed analysis of hydrological data and morphological measurements. And thus, the section located half way between the extreme points, i.e. the Włocławek Dam and Tczew, was deemed to be representative for the entire study reach. In the period between August 2015 and December 2016, data were collected using geodetic methods to determine the morphometric parameters of 24 sandbars found between river kilometer 760 and 782 ( Fig. 1 -left) . The following features were measured and calculated for each sandbar: emerged surface area at a specific water level, wetted perimeter of the emerged part, average height measured from the water surface, longitudinal slope measured from the tail to the front of a bar. Two height zones have been identified for each sandbar: a higher, frontal part and a lower, rear part. Measurements of absolute heights required the use of a GNSS Trimble 5800 receiver and a Trimble M2 Series total station. Moreover, the data were supplemented with aerial photographs. Bathymetric maps were prepared based on depth measurements performed with a single-beam echo sound at high water levels. given that there are no breaks caused by habitat inundation. Even if I was to assume that birds are capable of moving, for instance over the water surface, after merely half the time needed for fledging, the minimum time required for a successful breeding is still 35 -46 days.
Results and discussion
Information gathered from an extensive body of literature paired with field survey results indicate that sandbars found at the study reach have lengths of 800 to 1200 m and an average width of 300 m. Their surface height typically falls within the range of mean low water levels (MLWL) and low water levels (LWL). However, sandbars here are lower than at the unregulated river reach. The difference between their absolute height and the water table depends largely on the sandbar type, which in turn is determined by hydraulic parameters of the channel -hydraulic radius in particular. Mid-channel and near-island sandbars that form in the 700-900 metre-wide section of the middle Vistula channel are approx. 0.5-0.8 m higher
than alternate-diagonal sandbars typically found at the regulated river reach. The morphology of alternate-diagonal sandbars may shift multiple times a year, depending on water levels prevailing at a given time (Babiński, 1992b) . Thus, at low water levels the edges of alternatediagonal bars tend to erode, subsequently forming the so-called linguoid bars. On the other hand, even minor floods and increased water levels lasting merely several hours tend to alter the sandbar surfaces and move them downstream. In general, every increase in flow intensity appears to correspond to a proportional increase in dynamics and vice versa. The rate at which alternate-diagonal sandbars move downstream was estimated to 0.4-2.4 m per day (Babiński, 1992a) . Nevertheless, there were some instances where the rates considerably deviated from the above-mentioned average values. Going beyond their zone corresponding to a uniform movement of sandbars, it was proved that alternate-diagonal sandbars could reach 6.5 m for a day. In other words, at a certain stage of channel processes development, related to hydrological regime, the downstream movement of bars and their transformation accelerates considerably. This occurs at the so-called morphological threshold, which in the case of a regulated channel is only one, i.e. when water flows over a sandbar surface or recedes from it.
As shown above, inundation of a sandbar -even as short as several hours -results in remodelling of its surface.
The analysis of hydrological data and geodetic measurements enabled us to determine the limit value of water flow, at which the emerged parts of sandbars become inundated within the study reach of the Vistula river. cm, up to 100 cm at a distance of 100 km further downstream, and up to 60 cm 200 km below the structure (Habel, 2013; Habel & Babiński, 2015) . When comparing the hydrological regime of the Vistula river at the reach unaffected by the operation of the Włocławek dam (100 km upstream of the Wloclawek Reservoir) with the river reach below the dam against the graph illustrating the course of daily water levels, we can clearly observe certain differences (Fig. 3) . The analysis of daily water levels in the Vistula river within the period of 30 years in the context of the indicated breeding season clearly shows the dates of potential breeding successes as far as the birds of the Charadriidae and Laridae family are concerned, and Larus canus in particular. In 2010 water levels did not drop below 240 cm, which made it impossible for birdlife to use sandbars as their nesting grounds. In other years sandbars remained emerged for a minimum of 7 days in 2013, and a maximum of 125 days in 1993, with an average of 56 days (Table 2 ). There appears to be a tendency towards the reduction of total time sandbars remain emerged at the study reach during the breeding in 1986, 1989, 1990-1995, 2000, 2003, 2006, 2008, 2009 and 2011 . Moreover, the year 1990 and 2009 featured two periods conducive to bird breeding, whereas in 1993 sandbars remained emerged for 83 days in succession, which may have potentially resulted in two breeding successes ( Table 2 ). The discussed phenomenon can be traced on the matrix diagram presented below (Fig. 4) . Periods featuring favourable conditions occurred eleven times at the turn of August and September, four times at the turn of July and August and two times at the turn of June and July (Fig. 4) . Table 2 . Number of days and dates with water levels below 240 cm on the lower Vistula river. The data represent exclusively months that correspond with the breeding season of water birdlife. One should note that almost every year from 1986 to 1995 featured a potential breeding success (Fig. 4) . In the later years, up to this moment (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) (2015) , conditions in this respect deteriorated considerably, and a breeding success occurs on average once every three years. The matrix diagram of daily water levels (Fig. 4) indicates the occurrence dates and duration of periods with water levels exceeding the treshold value at which the highest parts of sandbars become submerged. The diagram also shows that after the year 1996 there has been an increase in the occurrence frequency of short, one-day flood episods, as a result of which sandbars become inundated with a 30-100 cm layer of water. These changes can be attributed to the intervention mode of operation pursued at the dam, which involves performing water discharges for the purpose of navigation. A conclusion can be drawn that (Fig. 4 ).
Moreover, the water level matrix indicates that in May and June sandbars on the Vistula do not emerge due to increased water levels/flows typical of spring months. One should note that the beginning of May corresponds to the peak of egg laying, which in this situation on the regulated Vistula reach had never been possible. In June, on the other hand, conditions suitable for bird breeding occurred only in three years (Fig. 4) .
The analyses of hydrological data demonstrate that the study Vistula reach currently remains under a considerable human pressure. There is a notable correlation between mean water levels in the breeding season months and total exposition time of sandbars in the entire study period. The increase in water levels results in a reduction of time when sandbars remain emerged ( Fig. 5 -strong 
Conclusions
The study demonstrates that hydrological conditions may be of key importance for establishing favourable conditions within the aquatic/terrestrial transition zones (ATTZ).
Sandbars occurring within the channel of large rivers may potentially serve as breeding and resting place for water avifauna, hence stability of these forms, both in time and space, is crucial. In the case of the study reach of the Vistula river, regulation works performed in the th century imposed considerable geomorphological constraints on water avifauna. As channel width diminished due to the introduction of hydro-engineering structures, former natural islands and small sandbars became replaced by flat, lower by 0.5 m alternate-diagonal bars, which are devoid of natural hiding places for animals (tree trunks, shrubbery, grass patches or reeds). The impact of the Włocławek dam imposes hydrological limitations in the form of frequent changes in water levels within the channel, which in consequence leads to inundation of sandbars. In the conditions of natural hydrological regime that prevail at the mid-section of the Vistula there are typically one or two flood waves per breeding season.
However, at the lower Vistula reach there are additional three or even four small artificial flood waves every season and each wave effectively eliminates bird nests and hatchlings found on the sandbars. The analysis was based on the following assumptions:
• breeding seasons lasts from April 1 st to September 30 th ;
• the highest, frontal parts of sandbars remain emerged when water level at the Fordon gauging station oscillates around 240 cm (water flow -985 m 3 /s);
• the minimum required time for a breeding success on sandbars amounts to 35 days.
The analysis of hydrological data pertaining to the last 30 years allowed us to draw the following conclusions:
• The hydrological regime of the Vistula enables the birds to breed on sandbars no sooner than in the second half of the breeding season. The largest number of days with exposed sandbars was recorded in the last month of the breeding season, in September (35.59%), then in August (31.66%) and July (18.15%).
• Only 14 years in the study period featured conditions that met the minimum criteria for successful bird breeding on sandbars. The potential successes occurred eleven times at the turn of August and September, four times at the turn of July and August, and two times at the turn of June and July.
• One can note a tendency towards the reduction of total time sandbars remain emerged at the study reach during the breeding season. In the period of 1986-1995 the average was 67 days per season, in 1996-2005 it was 48 days, whereas in the last decade -52 days.
• Artificial floods are reflected in the data recorded at the gauging stations. In the period under study there was a total of 40 artificial flood waves in the summer season and the trend appears to intensify after the year 2000. One should note that in the period of 1986-1995 a potential breeding success was viable in almost every year. After 1996 conditions in this respect have deteriorated, and a breeding success may occur, on average, once every three years.
• If artificial flood waves had been permanently limited within the study reach, in the years 1996-2015 there would have been not 7 but 13 breeding successes, i.e. nearly one per year.
All the above lead us to a conclusion that the regulated Vistula reach does not provide conditions that would sustain the living and breeding of water avifauna. Hydrological regime of the Vistula is considerably altered by the operation of the Włocławek dam, whereas the development of channel forms is restricted by hydro-engineering structures. If the regime of the Włocławek dam operation does not change, habitat conditions for water birdlife -already poor -will further deteriorate. It is essential to implement hydro-engineering projects that would compensate the adverse impact arising from channel regulation. It is also of utmost importance to limit the maintenance-intervention mode of operation currently pursued at the dam in Włocławek.
